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Twenty years of MBE progress 
celebrated in Cannes 
Dr Mohamed Henini, University of Nottingham 
Molecular beam epitaxy (MBE) has made considerable progress since the first international conference 
dedicated to the technique, MBE-I, was held in France in 1978. Twenty years later the biennial conference 
was back in France, with MBE-X running from 31 August to 4 September in the beautiful city of Cannes, 
home of the international film festival. The latest conference reviewed the progress of the past two decades, 
as well as examining the latest technology. 
M 
olecular beam epitaxy 
(MBE) is now of ftmda- 
mental importance for 
electronics, optoelectronics and 
photonics applications. MBE-X 
highlighted its highly interdiscipli- 
nary nature with the technical pro- 
gramme involving all aspects of the 
technology, from material growth 
through device applications to 
mass production. 
There has been tremendous 
growth in MBE technology since 
MBE-I in 1978. To highlight hese 
advances, the programme commit- 
tee organized an inaugural plenary 
session entitled 'Twenty years of 
MBE', which was composed entire- 
ly of invited talks. In all, 363 papers 
were presented at the conference 
through 113 presentations in 28 
oral sessions and 250 posters in 15 
poster sessions. The sessions in- 
eluded MBE technology, II-VI com- 
pounds, III-V growth, magnetic and 
semi-magnetic materials, microcav- 
ities, electronic devices, quantum 
wires, quantum dots, II-VI lasers, 
antimonide lasers, III-V lasers, SiGe 
and SiC, growth modelling, and ni- 
trides. The conference was attend- 
ed by more than 450 participants 
from nearly 30 countries. A pro- 
ceedings volume will be published 
in Journal of Crystal Growth in 
1999. 
With such a vast array of infor- 
mation, it is clearly impossible to- 
cover more than a fraction of the 
presentations and as a result this 
report will concentrate upon the 
lectures presented at the inaugur- 
al plenary session. 
Esaki lays the 
foundations 
Research of artificially structured 
materials was initiated in 1969 
when L. Esaki and R.Tsu proposed 
the concept of an engineered semi- 
conductor superlattice. It was an- 
ticipated that advanced crystal 
growth technology would make it 
possible to improve the design of 
quantum structures with carefully 
tailored properties. It is believed 
that this was the first proposal to 
promote the engineering of new 
semiconductor materials by apply- 
ing the principles of quantum the- 
ory in conjtmction with the most 
advanced techniques of thin film 
growth, such as MBE. 
In the first plenary lecture, 
Nobel laureate in physics Leo 
Esaki (University of Tsukuba, 
Japan) recalled how this proposal 
and the subsequent pioneering 
experiments triggered a wide 
spectrum of experimental and 
theoretical investigations. Esaki 
gave several examples, including 
the superlattices and quantum 
wells that have served as the pre- 
cursor of a variety of new nanos- 
tructures, uch as quantum wires, 
quantum dots and single electron 
devices. 
The recent advances in MBE 
techniques that have contributed 
to the substantial improvement in
quality as well as dimensional con- 
trol of grown structures were 
reviewed. Many different engi- 
neered structures were described 
which exhibit unique transport 
and optical properties that cannot 
be found in any natural crystals, 
including extremely high electron 
mobilities, large excitonic binding 
energies, differential negative re- 
sistance, appreciable Stark shifts, 
distinct Wannier-Stark ladders 
and Bloch oscillations. In ad- 
dition, he demonstrated how 
MBE contributed in the engineer- 
ing of novel semiconductor de- 
vices, including high electron 
mobility transistors (HEMTs) and 
the high-performance injection 
laser incorporating quantum 
wells. 
In his talk, 'How MBE Began 
and Its Projection into the 
Future', A.Y. Cho (Bell Laborato- 
ries, Murray Hill, NJ, USA) gave an 
overview of MBE. Historically, the 
term molecular beam epitaxy was 
first used in 1970 after several 
years of extensive study of atomic 
and molecular beams interacting 
with solid surfaces.A great deal of 
outstanding surface physics work 
was carried out by several re- 
searchers on Ga and As 4 beams in- 
teracting with GaAs surfaces. 
The beginning of controlled 
epitaxial growth of GaAs thin 
films was due to the observation 
of the As-stabilized and Ga-stabi- 
lized surface structures with 
high energy electron diffraction 
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(HEED) which allowed the con- 
struction of the surface phase t~ia- 
gram of GaAs. In addition, the 
theoretical paper on superlattices 
and negative differential conduc- 
tivity by Esaki and Tsu opened a 
whole new dimension for MBE 
growth for the study of quantum 
mechanical effects on a new phys- 
ical scale. Superlattices were first 
demonstrated byMBE in 1971. 
MBE became more important 
after the publication of details of 
the fabrication of devices with 
precise doping concentrations 
and compositional profiles. For 
high volume production, a series 
of developments for larger sub- 
strates, higher uniformity, faster 
turn-around, and real-time moni- 
toring were designed into the 
MBE system for high yield and 
cost effectiveness. Cho foresees 
that MBE will continue to develop 
into a multi-disciplinary and envi- 
ronmentally safe method to create 
new materials, and study new 
physics with atomic dimension 
precision. New application areas 
may include high frequency de- 
vices (such as GaAs MOSFETs), in- 
tegration of optical devices (such 
as GaN with silicon circuits), and 
high density of memory storage 
structures. 
LT. Nuyen (Picogiga, Les Ulis, 
France) highlighted the symbiotic 
relationship between HEMT and 
MBE technology. He pointed out 
that the former would not be suc- 
cessful without the latter, while 
the fantastic success of MBE 
would not be at the level we 
know today without he HEMT 
He noted that microwave 
HEMTs are the key devices for 
large volume applications, uch as 
radars, direct satellite T~, cellular 
phones, and high frequency mo- 
bile telecommunications, with a 
few tens of millions of the devices 
produced per month. He said that 
this had been made possible be- 
cause of the progress made by 
MBE equipment suppliers in build- 
ing bigger and bigger machines to 
address the demands of an 
ever-increasing market. 
Nuyen recalled that during the ear- 
ly 1970s pioneers built their own 
MBE machines by using ultra-high 
vacuum chambers on which were 
added home-made carbon 
Knudsen cells. With the success of 
the modulation doped structures, 
higher demands of commercial 
MBE machines pushed machine 
constructors to offer 'ready to use' 
machines which could handle 2- or 
3-inch substrates (Riber 32, Gen II, 
VH 90) - these were available by 
1984. Nuyen says the real break- 
through in terms of MBE as a pro- 
duction tool came up with the 
4-inch multi-wafer machines dur- 
ing the early 1990s (Pdber 49, V 
100). The acceleration of the de- 
mands of the HEMT devices is tak- 
ing MBE into the 6-inch GaAs 
technology. Two systems are ex- 
pected to be available in 1999 with 
the capability of growing four 6- 
inch wafers at a time (V150, Riber 
6O00). 
Device developments 
E Capasso (Bell Laboratories, 
Murray Hill, NJ, USA) focused on 
high performance quantum cas- 
cade (QC) lasers, which have two 
key features. Their first feature is 
that their wavelength can be tai- 
lored over a wide range of the in- 
frared spectrum using the same 
heterostructure material by chang- 
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Figure 1. Laser electroluminescence recorded at different emperatures for a current density J(T) = 1.1 Jth (Jth is the threshold current density) 
for (100) (a) and (311)B (b) lasers. The insets show the temperature dependence of Jth" (Courtesy of A.Patane, University of Nottingham, UK). 
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ing layer thicknesses. Their second 
advantage is that their differential 
efficiency is greater than unity 
since every electron injected 
above threshold is recycled many 
times, emitting typically 25 pho- 
tons in traversing the device. The 
wavelength of AllnAs/GaInAs QC 
lasers has been extended, by the 
speaker and his co-workers, from 
3.3 to 13 ~rn. Pulsed room temper- 
ature operation in the 5 to 11 ktm 
range with peak powers in excess 
of 200 mW at 5 vtrn and 8 vm 
wavelengths, and continuous wave 
(CW) operation with very high 
power for mid-infrared lasers 
(-200 mW at 80 K at ~. -- 5 ~tm and 
= 8 ~tm), have been achieved. 
High performance QC distributed 
feedback lasers with wide (20 cm 1) 
single mode continuous tuning 
near ~. -- 5 ~tm and 8 ~tm were also 
discussed along with applications 
to high resolution vibrational spec- 
troscopy of trace gases. 
H. Sakaki (University of Tokyo, 
Japan) reviewed developments in
quantum heterostructures, such as 
quantum wells, superlattices, tun- 
nelling barriers, and selectively 
doped heterojtmctions, by examin- 
ing how new device concepts 
have been deduced and put into 
reality by the scientific understand- 
ings and technological capabilities 
of MBE. Recent efforts to form 10 
nm-scale quantum wires, quantum 
dots, and related structures by MBE 
and how these structures will con- 
tribute to the extension of device 
concepts and for the realization of 
1D and 0D electron devices were 
also discussed. 
Getting to grips with 
growth 
The UHV environment of an MBE 
system is ideal for in situ studies 
of many fundamental processes 
involved in growth. B.A. Joyce 
(Imperial College, University of 
London, UK) presented results of 
growth chemistry, adatom incor- 
poration and strain relaxation in 
several materials ystems. For ex- 
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Figure 2. AFM images (1 #m x l~m) with the corresponding height scale are shown for the 
(100) (above)and (31 I)B (below)samples. (Courtesy of A. Polimeni, University of 
Nottingham, UK.) 
ample, he indicated that the 
InAs-GaAs system provided the 
classic illustration of the effects of 
misfit. Joyce showed how in situ 
studies with reflection high 
energy electron diffraction 
(RHEED) and STM have been used 
to demonstrate that growth on 
(001) oriented substrates is 
completely different in terms of 
growth mode and strain relax- 
ation behaviour from that ob- 
served on (110) or (111) 
orientations. It was concluded 
that the formation of quantum 
dots is not simply strain-related. 
Coherent, partially strained 
three-dimensional (3D) islands in 
strained semiconductor epitaxy, al- 
so known as self-assembled quan- 
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tum dots, have recently 
been used as electronic quantum 
boxes. Growth controlled 
synthesis of quantum wires and 
boxes is also possible by using pat- 
terned substrates. A. Madhukar 
(University of Southern California, 
Los Angeles, USA) made a case 
for surface stress as the 
common link between these two 
classes of growth-controlled nanos- 
tructures. He confirmed this link 
by recent findings in the growth of 
highly strained quantum boxes on 
in situ prepared nanoscale mesas. 
Epitaxial growth of III-V com- 
pound semiconductors u ually oc- 
curs in a layer-by-layer manner 
which comprises the formation of 
small one monolayer thick islands 
and the succeeding lateral growth 
between these islands. This ideal 
layer-by-layer growth, however, 
never occurs in the epitaxial 
growth of III-V compound semi- 
conductors because of the limited 
migration distance of surface 
atoms. Thus, the epitaxial layer of 
GaAs, for example, suffers from 
roughness that is up to several 
monolayers high when conven- 
tional MBE is used. 
Y. Horikoshi (Waseda Uni- 
versity, Tokyo, Japan) reviewed 
new growth techniques uch as 
atomic layer epitaxy (ALE) and mi- 
gration enhanced epitaxy (MEE) 
which have been developed to 
grow flat surfaces and interfaces, 
high quality heterostructures with 
largely mismatched systems, low- 
dimensional structures such as 
quantum wires and dots, and area 
selective pitaxy. 
It is well known that the devel- 
opment of heteroepitaxy based 
on Si has led to many exciting re- 
sults in fundamental materials ci- 
ence and physics. In addition, 
various novel device applications 
have been demonstrated during 
the past 20 years.The history of Si- 
based MBE was outlined by G. 
Abstreiter (University of Munich, 
Germany) with special emphasis 
on the Si/SiGe heteroepitaxy. His 
talk concentrated mainly on the 
optical and electronic properties 
of quantum wells, self assembled 
Ge-dots and modulation doped 
heterostructures. The device ap- 
plications foreseen are those in 
advanced microelectronics and 
optoelectronics including HBTs, 
modulation doped FETs, intersub- 
band detectors, and single elec- 
tron devices. 
HgCdTe materials and device 
technology have matured signifi- 
cantly over the last two decades 
due to the broad need for infrared 
technology. During this time, 
HgCdTe grown by MBE has 
emerged as the ultimate choice 
for infrared focal plane arrays. 
Indeed, the growth of high quality 
HgCdTe/CdTe/Si is set to revolu- 
tionize the future infrared tech- 
nology. Large area infrared focal 
plane arrays based on HgCdTe/ 
CdTe/Si are currently under com- 
mercialization, paving the way for 
the future development of mono- 
lithic hyper spectral multicolour 
large area focal plane arrays. 
A detailed analysis of the his- 
torical development and the cur- 
rent state of the art in MBE 
HgCdTe based infrared technolo- 
gy was presented by S. 
Sivananthan (University of Illinois 
at Chicago, USA). In particular, he 
focused on issues such as doping, 
growth and interface formation of 
CdTe on Si, and device perfor- 
mance of HgCdTe grown by MBE. 
P. Bouchaib (Addon, France) 
showed how MBE systems and re- 
lated components have evolved in 
several directions. The major 
breakthrough of the MBE system 
designs from the few mm 2 sub- 
strate UHV systems to the multi- 
wafer production machines of 
today were outlined. 
QD lasers 
The growth of semiconductor 
quantum dots (QDs) has great po- 
tential for the production of opto- 
electronics devices uch us lasers. 
By exploiting the discrete density 
of states of zero-dimensional 
nanostructures, it is possible to 
achieve very low-threshold cur- 
rent and high gain lasers. A suc- 
cessful method for obtaining 
defect-free QDs is the self-assem- 
bling of clusters as small as 10 nm 
during the MBE growth of 
(InGa)As/GaAs elf-assembled het- 
erostructures.A.Patane (University 
of Nottingham, UK) reported on a 
study o f  the main properties of 
InGaAs/GaAs QD edge emitting 
lasers grown on (100) and (311)B 
oriented substrates. His group 
measured the temperature (T) de- 
pendence of the electrolumines- 
cence spectra and of the 
threshold current densities for the 
(100) and (311)B lasers. It is clear 
from Figure l, that the develop- 
ment of the laser emission modes 
with increasing T is unusual. 
The dot morphology was also 
investigated by contact atomic 
force microscopy (ARM), as 
shown in Figure 2.The dots grown 
on (100) have an average diame- 
ter of d = 36 nm, height h = 2.2 
nm, surface density p = 4.5 x 101° 
cm 2, and appear to be isolated 
from each other. For the (311)B 
sample the surface coverage due 
to the dots is more uniform with P 
= 1.5 x 1011 cm -2, d = 26 nm, and 
h = 1.0 nm. The density and the 
size of the dots clearly affect the 
electronic properties of the sam- 
ples as revealed by the optical 
measurements. 
MBE-X must surely have given 
all those crystal growers who 
were there a feeling of pride in 
the universal importance of their 
subject. Overall, the meeting 
proved a very valuable five days. 
The next meeting will be held in 
China in 2000. 
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